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Nanomechanics of carbon nanofibers: Structural and elastic properties
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A general analytic expression for the Young’s modulus of a range of carbon nang@idéfs with

single or multishell nanocone or cone stacked structures has been developed from continuum elastic
theory. The Young's modulus of a single-shell nanocone is found to b& éco$ that of an
equivalent single-wall carbon nanotu@@NT). The CNFs of short lengths and small tilting angles
have very large Young’s modulus comparable to that of single or multiwall CNTs, whereas the
inverse is true for the CNFs with long lengths and large tilting angles. The dependence of the
stiffness of CNFs on various structural parameters has been predicted by the model, validated
through full-scale molecular dynamics simulations, and categorized for scanning probe tip or
reinforcing fiber type applications. @004 American Institute of Physics
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Numerous nanostructures composed of graphitic layersare the limiting cases of the single or multishell nanocones
including fullerenes, carbon nanotub@NTs), and carbon with 6—0.
nanofibers(CNF9, have been subject of extensive experi-  For a single-shell nanocori&ig. 2) under a stress along
mental and theoretical studies for their unique propertiesthe cone axis, coordinates are defined suchXhandY are
CNFs are generally the main products in many experimentglong the radial directions arlis along the cone axis, with
such as chemical vapor/catalytic deposition processes, arifie corresponding strains ag e,, ande,. As C—C bonds on
floating reactant production systems under certairfhe tilted graphene plane take the actual load, the axial strain,
conditions’™ The graphitic shells in CNFs have conical @nd the length of the cone and its change along the graphene
structures with the shells at an angle to the axis of fibersPlane are introduced ag,, L, anddL,, respectively. Geomet-

Experiments have also shown rather complicated structurés’, cogmderaﬂgns ZShOW that — L+dL,
of CNFs, where both cone stacked and bamboo structures areV (L tan 6)“(1—ye)*+(L+6L)% where y=-¢,,/¢, is the
observed®*? Despite the complex characteristic from ap- Poisson ratio, andL is change of length. along theZ axis.
plications perspective CNFs have advantages of better co '€ relation betweee ande; thus can be expressed as
trollability of their location and size as compared with
single-wall (SWCNT9 or multiwall CNT (MWCNTs). 101
Recently CNFs have been studied for their applications in

reinforcement of composite materials, scanning probe nan-

otips and hydrogen storage, &3 The mechanical proper- Qmitting the higher ordgr terms ia a corresponding rela-
ties of CNFs thus are important for their effectiveness intion for the Poisson ratio along the graphene plane can be

such applications, and are investigated in this work througtfXPressed asy|=—€/ €= ~€yl €= y/ (cOS' 6~y si? 0),
continuum elastic theory and molecular dynami®éD) where ¢, is the strain in the radial direction. By neglecting
simulations.
A schematic figure of the growth of CNFs is shown in R] RZ
Fig. 1, where the metal catalyst is on the bottom. There are fe——
four independent structural parameters defining a CNF, —
which are the length, outer radiusR;, inner radiusR,, and ! !
tilting angle # as shown in the figure. The three rectangles in e ! !
Fig. 1 represent three different structural conditions. The cor- : \
responding three structural categories for CNFs can be de- __:___:_x
fined depending on the relative magnituded pR;, R,, and i_ . ?
6. For long fibers satisfying. > (R;—R,)/tan §, CNFs have s o
cone stacked structures with lots of open edges along the / i \
I
1

€= %l' = (cog 60—y sir? e, + O(&). (1)

fiber axis [see Fig. 8) as an example For short fibers
satisfying L=< (R;-R,)/tan §, CNFs have single or multi-
shell nanocone structurgsee Figs. @) and 3c) as ex-
ampleg, which can be further categorized as: single-shell
nanocones with(R;—R,) <hy/cos 6, and multishell nano- A
cones with(R;—R,) >hy/cos 6, with hy as the equilibrium )

distance between planes in graphite_ SWCNTs or MWCNTSIG. 1. Schematic illustration of a nanofibghick solid line§ composed of
shells of nanocone with a tilting angte The three rectangles represent three
structural categories: cone-stack@lid lines, single-shell(dashed lines
¥E|ectronic mail: cwei@nas.nasa.gov or multishell structuregdotted lines, respectively.
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€[0,1] is introduced, withs;j;;— 1 for 6— /2 ands .,
—0 for 6— 0. Using the above noted expressions in &,
the Young’s modulus of &l-shell CNF can be expressed as

> (ede? L

Y=Yyt kgho 2 Sl
i=1

(5

where AL is the equilibrium intershell distance along the
FIG. 2. Schematic illustration of a single-shell nanocone. See the text fopanOflber dlrec_tlon. The first term in EqS) provides a
definitions of the coordinates and parameters. strong mechanl_cal response to the external load due to the
strongsp’ bonding in graphene planes, whereas the second
term due to the VDW interactions is rather weak. This is
validated through MD simulations, and is discussed in the
following. The details of MD simulations were described
y=1, co 6. (2)  elsewheré?
) . ) Shown in Fig. 8a) is a large angle nanocone with
As the strain energ)E:Eke2 can be equivalently ex- =30°,R;~15 A,R,~3 A, andL ~ 20 A. Axial strains of up
pressed as a function ef or ¢, the corresponding relation o 504 were applied to the nanocone. Neglecting the radii
for the force constark and its counterpak, in the graphene  change due to the Poisson ratio effect, the force constant for
plane can be written de=k; cos'9(1-, sir’ §), consider-  the nanocone is found to WBE/3e2=25.70 eV/atom. Simi-
ing Eg.(1). The Young’s modulus of a single-shell nanocone|gr MD simulations have shown that 62E/9e?
is thus expressed as, =45.70 eV/atom on straight SWCNTs, and the valueA does
- _ ; 2 not depend strongly on the radius and chiralty for3.5 A.
Yeone= Yswn COS' 6(1 = i 6)°, & Using the MD simulated force constants in the relation
where Ygyyn is the Young's modulus of SWCNTs and the Y, .~ Ygwnt CO$ 0 [with y=0 in Eq. (3)], a value of @
wall thickness of the cone and the SWCNT is assumed the30.01° is obtained, which is in excellent agreement with
same ad,. #=30° from the geometry shown in Fig(e3. Similarly, the
In a general case, a CNF is composedNbfhells of MD simulated y=~0.25 for the nanocone is in excellent
nanocones, with either cone-stacked or multishell structuresigreement withy=~0.23 as predicted by Eq2) for v,
When an external strain is applied on the CNF, the load car=0.30 simulated for large diameter SWCNTs. The MD
be carried partially by each shell and partially by the inter-simulations thus validate Eq&) and(3) for the single-shell
facial van der WaalgVDW) interactions. The total strain nanocone described earlier.

the hi 4her order terms ity, the Poisson ratio is further writ-
ten a

energy of a CNF can therefore be expressed as The full MD simulations were also conducted on a CNF
1 N N-1 with four shells of nanocones stacked togetffeig. 3b)].
E=AL-Y&=S E. .+ > Ehitl 4 The intershell interaction is only through VDW interactions.
;1 shell ,;l vow @ The initial structure was relaxed at zero strain, and external

~ strains of up to 5% were applied on the nanofiber. The

whereY and A are the Young’s modulus and cross-sectionypyng's modulus is found to be 0.03 TPa, which is much
ik Olf the nanofiber. The strain energy on each shiell  gmajler than the typical Young’s modulus of SWCNTs

shel= 3 YsALs(€)?, where Y, A L, and e are Young's  (~1 TPa.'® The load transferred to each shell is negligible
modulus, cross-section area, length, and induced strain o ~0 in Eq. (5) for this structurg and the weak VDW
each individual shell, respectively. The strain energy contribinteractions bear most of the load, resulting in a very weak
uted by the VDW interaction between sheilandi+1 is Young’s modulus.
EVow=2KkeAy (8h)2, wherekg, Aj*, and sh are force con- Shown in Fig. 8c) is a seven-shell CNF, wittR;
stant, surface area for VDW interactions, and displacement24 A, R,~5 A, L~41 A, and §~10°. MD simulations
from the equilibrium distance between the graphene planewere performed for the stress—strain resporggagth € up to
along the normal direction, respectively. All the structural5%), in which the external load was applied only onto the
parameters in the above noted expressions are related to tbatermost three shells. The contributions from the inner
four basic structural parametetsR;,R,, 6 as A;=27Rg shells are mainly through VDW interactions and remain very
=m(Ry+Ry)hg; Ls=(R;—Ry)/sin 6; and sh=4L sin §=hge.  small. Net Young’s modulus of the overall CNF in Figc8
The surface area for VDW interactions is definedﬁgé+l is found to be 0.5 TPa. This is in agreement with Eg).
=51 X (Ri+Ry)(R;—Ry)/sin 6, where a pre-factors;;,;  which can be approximated aé~Y{(M/N), where M is

FIG. 3. Three structural types of car-
bon nanofiber(a) A single-shell nano-
cone with 6=30° (b) A four-
nanocone-stacked CNF with each
individual shell the same as (@); and
(c) A seven-shell CNF, withg~ 10°.
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90 tions, and found that the structures of CNFs can be defined
s \ into three categories. The Young’s modulus of a single-shell
%’) \\ Small Young's modulus region nanocone |s_found to ha\_/e a ratio of ﬂ:d&s_ compared W|th_

D 60 | ] that of a straight CNT, with a small correction from the Pois-
Py 1y son ratio effect. A general expression for the Young’s modu-
S 0,25Ys / lus of CNFs extending from a single-shell nanocone to mul-
& S tishell nanofiber is derived from continuum elastic theory
oy 30 1+ and validated by detailed MD simulations. CNFs with short
= B} length and small titling angle are predicted to have relatively
= large Young’s modulus, whereas CNFs with long length and

large titling angle are expected to be soft graphitic type ma-
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